PHYSICAL REVIEW D 103, 044034 (2021)

Editors' Suggestion

Stationary models of magnetized viscous tori
around a Schwarzschild black hole

3 3.4

Sayantani Lahiri N2 Sergio Gimeno-Soler ; José A. Font®,** and Alejandro Mus Mejias
'Institut fur Theoretische Physik, Goethe Universitdit Frankfurt,
Max-von-Laue-Strasse 1, 60438 Frankfurt am Main, Germany

2Um'versity of Bremen, Center of Applied Space Technology and Microgravity (ZARM),
28359 Bremen, Germany
3Deparlamenlo de Astronomia y Astrofisica, Universitat de Valencia,
Dr. Moliner 50, 46100-Burjassot, Spain
*Observatori Astronomic, Universitat de Valéncia, Catedrdtico José Beltrdn 2, 46980 Paterna, Spain

® (Received 19 December 2020; accepted 18 January 2021; published 17 February 2021)

We present stationary solutions of magnetized, viscous thick accretion disks around a Schwarzschild
black hole. We assume that the tori are not self-gravitating, are endowed with a toroidal magnetic field and
obey a constant angular momentum law. Our study focuses on the role of the black hole curvature in the
shear viscosity tensor and in their potential combined effect on the stationary solutions. Those are built in
the framework of a causality-preserving, second-order gradient expansion scheme of relativistic hydro-
dynamics in the Eckart frame description which gives rise to hyperbolic equations of motion. The
stationary models are constructed by numerically solving the general relativistic momentum conservation
equation using the method of characteristics. We place constraints in the range of validity of the second-
order transport coefficients of the theory. Our results reveal that the effects of the shear viscosity and
curvature are particularly noticeable only close to the cusp of the disks. The surfaces of constant pressure
are affected by viscosity and curvature and the self-intersecting iscocontour—the cusp—moves to smaller
radii (i.e., toward the black hole horizon) as the effects become more significant. For highly magnetized
disks the shift in the cusp location is smaller. Our findings might have implications for the dynamical
stability of constant angular momentum tori which, in the inviscid case, are affected by the runaway

instability.
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I. INTRODUCTION

One of the outstanding predictions of general relativity is
the existence of black holes. By their very nature, black holes
can only be observed by the gravitational effects they
produce in their environment. An accretion disk embedded
in the geometry of a black hole provides a natural framework
for its indirect detection through the study of the gravita-
tional influence it exerts on the disk. As a result of the black
hole’s gravity, the mass of an orbiting disk is pulled inward
resulting in an inward flow of its matter and the outward
transport of angular momentum, a process accompanied by
the conversion of gravitational energy into radiation and
heat. This is one of the most efficient processes of energy
release in the cosmos and it operates in systems as diverse
as protoplanetary disks, x-ray binaries, gamma-ray bursts,
active galactic nuclei, and quasars [1].

Models of accretion disks around black holes are
abundant in the scientific literature (see [2] and references
therein). Among the various proposals, geometrically thick
disks or tori (also referred to as “Polish doughnuts”) are the
simplest, relativistic, stationary configurations describing
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an ideal fluid orbiting around a rotating black hole under
the assumption that the specific angular momentum of the
disk is constant [3—5]. Extensions of the original model to
incorporate additional effects such as nonconstant distri-
butions of angular momentum, magnetic fields, or self-
gravity have also been put forward [6-16].

In all stationary models the accretion torus is assumed to
be composed of an ideal fluid and the effects of dissipation
are neglected. However, the contribution of dissipative
fluxes might not exactly vanish in an accretion disk,
especially if it undergoes differential rotation, thus giving
rise to shear viscous effects. It is well known that viscosity
and magnetic fields play a key role in accretion disks to
account for angular momentum transport, in particular
through the magnetorotational instability [17]. In this paper
we discuss stationary models of magnetized viscous tori,
assuming a toroidal distribution of the field and the
presence of shear stresses.

The conservation laws of relativistic hydrodynamics of a
nonideal fluid involving dissipative effects like viscosity,
developed by Landau-Lifschitz and Eckart, do not give rise

© 2021 American Physical Society
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to hyperbolic equations of motion [18]. Moreover, the
corresponding equilibrium states are unstable under linear
perturbations [19]. The pathological nature of the con-
servation laws is attributed to the existence of first-order
gradients of hydrodynamical variables in the dissipative
flux quantities. This limitation can be circumvented by
including second-order gradients, a formalism first devel-
oped by Muller [20] in the nonrelativistic setup and later
extended by Israel and Stewart [21] for relativistic nonideal
fluids. The resulting conservation laws are hyperbolic
and stable [22].

Assuming that the shear viscosity is small and instills
perturbative effects in the disk fluid, stationary solutions
of constant angular momentum unmagnetized tori in the
Schwarzschild geometry were first presented in [23]. This
work showed that stationary models of viscous thick disks
can only be constructed in the context of the general
relativistic causal approach by using the gradient expansion
scheme [24]. The imprints of the shear viscosity and of the
curvature of the Schwarzschild geometry are clearly present
on the isopressure surfaces of the tori. In particular, the
location of the cusps of such surfaces is different from those
predicted with an ideal fluid model [6]. In the present paper
the purely hydrodynamical solutions presented in [23] are
extended by incorporating toroidal magnetic fields in
the stationary solutions of the tori. Our new solutions
are built using the second-order gradient expansion scheme
in the Eckart frame description [24], which keeps the same
spirit of the Israel-Stewart formalism and gives rise to
hyperbolic equations of motion, hence preserving causality.
Furthermore, we also adopt the test-fluid approximation,
neglecting the self-gravity of the disk. As we show below,
in our formalism the general form of the shear viscosity
tensor contains additional curvature terms (as one of many
second-order gradients) and, as a result, the curvature of the
Schwarzschild geometry directly influences the isopressure
surfaces, as in the hydrodynamical case considered in [23].
The presence and strength of a toroidal magnetic field
brings forth some quantitative differences with respect to
the unmagnetized case, as we discuss below.

The paper is organized as follows: Sec. II presents the
mathematical framework of our approach introducing, in
particular, the perturbation equations that characterize
the stationary solutions. Those solutions are built fol-
lowing the procedure described in Sec. III. Our results
are discussed in Sec. IV. Finally Sec. V summarizes our
findings. Throughout the paper we use natural units where
¢ = G = 1. Greek indices in mathematical quantities run
from O to 4 and latin indices are purely spatial.

II. FRAMEWORK

A. Basic equations

Our framework assumes that the spacetime geometry is
that of a Schwarzschild black hole of mass M and that the

disk is not self-gravitating, it has a constant distribution of
specific angular momentum, and that the magnetic field
only has a toroidal component. We neglect possible effects
of heat flow and bulk viscosity and we further assume that
the shear viscosity is small enough so as to act as a
perturbation to the matter configuration. Therefore, the
radial velocity of the flow vanishes and the fluid particles
describe circular orbits.

The Schwarzschild spacetime is described by the metric

oM 2M\ -1
ds* = —(1 —>er + (1 —> dr’ + r7dQ?, (1)
r r

where dQ? = d# + sin? Od¢?. Since the fluid particles
follow circular orbits their four-velocity u* subject to the
normalization condition u®u, = —1 is given by

u = (u',0,0,u?), (2)

where u* = u#(r,0), with u = ¢, ¢p. The specific angular
momentum / and the angular velocity € are given by

u¢

I(r.0) = -4 Q(r.0) == (3)

Uz

so that the following relationship holds between both
quantities

qg rsin @
I(r,0) = —%Q(r, 0) = 1=
24 r

In our study we consider the Eckart frame for addressing
viscous hydrodynamics which is a common choice of
reference frame in relativistic astrophysics [18]. The
energy-momentum tensor of viscous matter in the presence
of a magnetic field is given by

Q(r,0). (4)

1
T = (w+ b*)u'u + (p —|—§b2)g"” — Db + . (5)

In this expression, the enthalpy density is given by
w = e + p, where p is the fluid pressure and e is the total
energy, and 7*¥ is the shear viscosity tensor. The dual of
the Faraday tensor relative to an observer with four-velocity
ut is [25]

FR = b — b, (6)

where b* is the magnetic field in that frame, which obeys
the relation > = h®b,, and yields to the conservation law
V,*F" = 0, where V, is the covariant derivative. In the
fluid frame »* = (0, B) where B denotes the three-vector
of the magnetic field which satisfies the condition
u®b, = 0. Since the magnetic field distribution is purely
toroidal, it follows that
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br=5"=0, b= (b.0,0,b%). (7)

From the condition u*b, = 0 we obtain

b'=1b*, b, =-Qb,, (8)

and
b2 = (1- Ql)b¢b¢ =2Pm, (9)

where the magnetic pressure is defined as p,, = b*/2.

As mentioned before we consider a second-order theory
of viscous hydrodynamics constructed using the gradient
expansion scheme which ensures the causality of propa-
gation speeds in the Eckart frame. In this scheme the shear
viscosity tensor is expressed in terms of a causality-
preserving term and additional curvature terms which will
help investigate the influence of curvature contributions on
our system. As a result, the general form of the shear
viscosity tensor can be expressed as [24]

v = 2ot — TéD(—nyU’”’)> + Kk R + Kzuau/;R“WW ,
(10)

with the definition D = u®V,,. Here R¥"% and R are the
Riemann tensor and the Ricci tensor, respectively, 7 is the
shear viscosity coefficient and 7,, k; and x, are the second-
order transport coefficients. Moreover, the angular brackets
in the previous equation indicate traceless symmetric
combinations. The remaining quantities appearing in
Eq. (10) are defined as

y aAD Vauﬂ + Vﬂua 1 UAa
o :Aﬂ Aﬁ<f) —gAﬂ Aﬂval/lﬂ,
o = (P ) s,

R = Amapvb (Lﬂ er Rﬂ”) - %AﬂvAa/”Raﬂ,
a(uy vo Ra" + Rg 1 v c Pa
R — |:AW’A <7P 4 5 W) _§Au AP dey] ",

where the projection tensor is given by A* = ¢** + u'u”.
Using Eq. (5), the momentum conservation equation
AV, T% =0 can be written as

0,(Lb?)

2L
+ Dy AV =0, (11)

(e+pla, +LV,p+ + g, a,

which is the general form of the momentum conser-
vation equation in the presence of a magnetic field. The

four-acceleration is given by o = vV ,u" = Du* and
L= —919p¢-

B. Perturbation of the magnetized torus

Since we consider disks with constant specific angular
momentum distributions we take I(r) =1,. We further
assume that the internal energy density ¢ is very small
and, therefore, the total energy is approximately equal to
the rest-mass density i.e., e =p(l+¢€)~p. For the
Schwarzschild black hole, the term R%*) = 0 and therefore
it does not contribute to the shear viscosity tensor. We also
assume that the shear viscosity is small in the sense that the
coefficients # and k, can be considered as perturbations in
the disk fluid. These two coefficients will be assumed to be
constant and to act as perturbations with the perturbation
parameter A as follows:

n=2my, Ky = Amy. (12)
The shear viscosity perturbation in the disk fluid generates
linear perturbations in the energy density, pressure, and
magnetic field. Up to linear order, we can express each of
these quantities as follows:

e(r,0) = e(())(r, 0) + Aem(r, 0), (13)
p(r.0) = p)(r.0) + Ap)(r,0), (14)
b'(r,0) = bly (r,0) + bl (r,0), (15)
b?(r,0) = by (r,0) + b, (r,0), (16)

where, as usual, index (0) denotes background quantities
and index (1) quantities at linear perturbation order. By
using Eqgs. (9) and (16) the magnetic pressure at both zeroth
order and first order reads

0) _

4 10
i =5 (1= QU)bly b5, (17)

N —

W _1re (0 0 ©0) (10
P =5 oy (1 +0) + 0" (0, - @y )| (18)

Defining the magnetization parameter as f,, = p/p., the
zeroth-order and first-order changes in this parameter can
be written as follows:

0 Po
p == (19)
Pm
and
1)
m P (0) Pm
ﬂm —W_ m W (20)
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From the momentum conservation equation (11) we see
that there are four unknown quantities to be determined,
namely, py, €(1), bgl) and bf;). However, the variables p )
and e(;) are not independent under the assumption of a
barotropic equation of state. Following [9,14] we take the
same polytropic index y for the equations of state corre-
sponding to both the fluid pressure p and the magnetic
pressure p,, given by

p=Ke" (21)
and
pm =K, L e (22)

Now, expanding up to linear order one can write the
equations of state at zeroth order and first order as

Py = Kepg), Pa) = YKeﬁ;)le(l), (23)
0 _ 1 _ -
P = Knlr7lely. ph) =K, L e ey (24)

From the above relations, we find that p g, p(1)s pﬁ,(,)) and

pﬁ,} ) are related by

Py =Po)—> (25)
ye
pi = ph) )) . (26)

Using the last two equations we obtain the following
condition

P _ P

=" (27)

W

Substituting Eqs. (25) and (26) in Eq. (20) leads to
(1 _YPwoe _ 0) Veé(
ﬁm - () ﬂm
€(0)Pm €(0)
_ ﬂ,(,g) req ﬂ( oreq -0, (28)
€(0) €(0)

which shows that the linear corrections p ;) and pm ) do not
affect the value of the magnetization parameter in the disk.

Moreover, from the orthogonality relation u“b, = 0 we
obtain

= I’

X
= (1

t
b 0)°

t
0) b

(1) (29)

which imply that b{(/’l) and bh) are not independent

variables. Using the relations b* = (1 —[Q)b?b, and

b* =2p,,, the zeroth-order and first-order terms of the
magnetic field read

2p
Ay R 30
© Py (1 —12)g4y (30)
P P
pro =PW | PO 31
M ﬁm 2:Bm(l - Ql)g¢¢ ( )

where we have also used Eq. (29). Hence, the variables
1

i b,
correction pj) is determined by solving the momentum
conservation law given by Eq. (11) with a constant angular
momentum distribution / = /. Using Eq. (31) and expanding
Eq. (11) up to linear order in the variables p i, (1) and b(y),
the fluid pressure correction equation can be expressed as

and b?’l) are all related to p(;). The pressure

8}4 [ﬁ% p(l)]
L
+ gy a, + AWAKTV%VK =0, (32)

(eqry + Pay)ay + DuV,py +

where e(;) is related to p(;) by Eq. (25). Once p( is
determined by solving the above equation, we can also
determine the impact of the shear viscosity on the magnetic
pressure pﬁ,i) through Eq. (26).

Let us now for simplicity take the black hole mass
M = 1 in the rest of our calculations. Both the temporal and
azimuthal components of Eq. (32) lead to

2nlor(r(r —3)sin* @ — (1 —2/r)*(r —3sin*6)]
sin® Ovr —2(r* + 3(2 — r) csc? 9)>/?

For n # 0, the above equation in the equatorial plane
reduces to

P l%(r - 2)2 =0. (33)

Correspondingly, the radial and angular components of
(32) are, respectively,
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(zam)I5(r = 3)
2r2sin®0(r* + I3(2 — r)csc?0)?
—r*(2r="7)(4r-9) =8 (r —2)(r* = 3r + 3)]
3r% + 1 cos 40 + 2r° cos 20{15(r — 2)(5r — 14) =217} =233 (r = 2)(5r — 14) — 4i¢(r — 2)°
4r3sin*0(r® + I3(2 — r)csc?0)?

[r3 cos40(10r — 21) 4 cos 20{4r>(2r* — 14r +21) = 8I5(r — 3)(r — 2)}

+m2

I—y

+ (1 _’_i (r=2)9pq) . 2(r—1) Ar =152 =r)’esc®0}(rK + el
P or B yKr*(r* + 13(2 — r)csc?0)

)} Py =0, (34)

413 cot O{r3 (4r — 9)sin®0 + (r — 2)(23(4r —9) — ri5(r — 2)csc?0 — 2r*)}
m
! r2sin*0(r + 13(2 — r)esc?0)?
205(r = 2) cot0(2rsin’0 + fi(r - 2)) (| L 1) 9pay | [2c0t0 (r=2)3 cotO(yK + e(g))
m — —
Psin*0(r3 + B3(2 — r)csc®0)? Bn) 00 B yKsin?0(r® + 3(2 — r)csc?) Pm

]

=0.
(35)

In the limit f,, — o0, Egs. (34) and (35) reduce to the corresponding equations obtained in [23] for a purely hydrodynamical
viscous thick disk. Substituting p(;) from Eq. (35) in Eq. (34) we obtain the following equation:

- Bk 1 - ok
21%00t€<A+71>(12m1)+§cot9<f1—%)mz

1 0 4k, 0
+sin®0[ + B(2 — r)esc?0]? % [r(r —2)cotd g;” - gé” =0, (36)
with the definitions
A= =2(r=3)[3(10r = 21) cos 40 + cos 20{4r>(2r> — 14r +21) =813 (r = 3)(r = 2)}
—r*(2r="7)(4r—=9) = 813(r —2)(r* = 3r + 3)],
B =4)2rl3(r — 2)> — sin®0{r3(2r — 3) + 413(4r = 9)(r — 2) — 3 cos 20(4r — 9)}],
ki = [=2p,sin*0(r* + I§(2 — r)csc?)eg) + Kye{o){t%l%(l + Bm)
+ 2B (B, +2) = 2r* = (B, — 2) = 43r(3 + B,,) + 1P cos20(2r + B, — 2)}],
C = (r=2)lfnew) + Krelp [l5(r =2)(2+ B,,) — 2rsin’0)],
- 2\ 4
fi= [1Or6 —6r33(5r = 12)(r—2) + 3203(r = 3)(r = 2)* + 16715 <1 - —>
.
+ o8 20{8(5r — 12)r3 13 — 15r° = 3213 (r = 3)(r — 2)2}} .
fo=4r (1 - %> [3r% = 2P 3 (r — 2) + 4I§(r — 2)* + 2r° c0s 20(2r* — (r — 2)13) + r° cos 4)].
r
We must solve Eq. (36) once the values of the B,(r.0) = K (37)

parameters m;, 7,, [y and f,, are selected and using the K, L7 (r,0)

appropriate boundary conditions. Equation (28) shows

that ﬂS,P = 0. Therefore, the magnetization parameter  In addition, we can define the magnetization parameter at
can be completely expressed in terms of the zeroth-order  the center of the disk as S, . = f,,(r., #/2) and write it as
magnetic pressure and fluid pressure, and is given by

Bu(r.0) = poy/pY. Using Egs. (21) and (22) we can b K

R (38)
further express K, L' (re, m/2)
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Then, the magnetization parameter can be expressed as

B L(re,m/2)\r!
ﬂm(r’e) ﬂm,c( £(r’ 9) > ’ (39)
which, for the Schwarzschild metric, reads
(re=2) !
4
ﬁ ( ) ﬂmL<(r_2)Sin29 ’ (O)

where r., B, . and K are constant parameters. Let us
compute r, for a given angular momentum /. This can be
determined by finding the extrema of the effective (gravi-
tational plus centrifugal) potential W, as the center of the
disk is located at a minimum of the potential (see, e.g., [6]
for details). In the Schwarzschild geometry, the total
potential W(r,8) for constant angular momentum distri-
butions is defined as

r(r—2)sin® 6

1
0) =— .
W(r.0) 2 Asin 20-13(r-2)

(41)

At the equatorial plane, taking 0,W = 0 leads, after some
algebra, to

P =B(r-2)?2=0. (42)

The largest root of the above equation corresponds
to the disk center, r.. In the absence of dissipative terms,
the relativistic momentum conservation equation, with
our choices of equation of state, can be expressed as
follows [14]:

14 P(o) p,(ff)
W—WS+—<—+—>=0, (43)
r=1\ewo e

which can further be rewritten as

rKel, < 1 )
W—W, + 1+ =0, (44
Ty Bu(r.0) 44

where W is the potential at the surface of the disk, i.e., the

surface for which p ) = pf,g)) = e(g) = 0. From the above

expression, the zeroth-order energy density can be obtained
and it reads as

o= (&) (s

and the zeroth-order pressure, in terms of f,, ., r. and W,
becomes

r(1+Bu(r.0)) _s
—7)ﬂm(r,9)(W—Ws)) . (45)

v
1=y

] u+mne—;ﬂ¥”>
r(r—2)sin’6 ’ (46)

Poy=K"1 =
(1=7)Bme G5 ™ (W= W)

which corresponds to the fluid pressure of the magnetized
ideal fluid. From this equation it follows that for the
term inside the parentheses to be positive, we require that
W — W, < 0. On the contrary, if W — W > 0, the pressure
(and the energy density) should vanish, which indicates
regions outside the disk.

II1I. METHODOLOGY

A. Formalism

We solve Eq. (36) with the domain of definition set by
the conditions W(r,0) < Wy, ry, < r < ro, where ry, and
rout are the inner and the outer boundary of the disk at
the equatorial plane. As in this work we are considering
disks slightly overflowing their Roche lobe [i.e., W =
W (Feusp» @/ 2) Where 1, corresponds to the location of the
self-crossing point of the critical equipotential surface]
it is important to note that the disks do not possess an inner
edge (i.e., the outermost equipotential surface is attached to
the event horizon of the black hole) and thus our choice of
ri, 18 arbitrary. Here, we choose the value of ry, such that
Fin < Teusp SO We can study the cusp region, and exclude the
region closest to the black hole, as it is irrelevant for our
study (the reason will become clear in Sec. IV). In addition,
we exclude the funnel region along the symmetry axis
(60 = 0) by further restricting our domain by only consid-
ering the region containing equipotential surfaces that cross
the equatorial plane at least once. As our system has
axisymmetry and reflection symmetry with respect to the
equatorial plane, we can further restrict our domain
to 0 <6 < x/2.

Equation (36) can be rewritten in a more compact
form as

a(r,0)-Vigpa —&(r,0) =0, (47)

with the following definitions

a,(r,0) :sinﬁé’[r3—|-l(2)(2—r)cscz€]3(l_g'ﬂ'rl)(r(r—Z)cotQ),
(7,0) = rsind] 3 + (2 — resc2p ;f n) <—4Ck1) ,
&(r,0)=-21%cotd <A+%> (tym,)
—700t¢9 ( 7 —%) (48)

Close examination of the coefficients in Eq. (48) reveals
that, at the equatorial plane (6 = z/2), Eq. (47) is simply

044034-6
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Ipq)
96

= 0. (49)

Equation (49) has two relevant consequences for our
solution. The first one is that surfaces of constant p(
are orthogonal to the equatorial plane (a consequence of the
reflection symmetry of the problem). The second one is that
one cannot extract information of the distribution of p(y) at
the equatorial plane directly from Eq. (47) at 8 = z/2.
To know the values of p(y at the equatorial plane we must
look for the solution p(;)(r,0) when 6 — z/2 i.e., a point
that belongs to the domain of the € coordinate. Thus, to
maximize the accuracy of the solution it is convenient to
solve Eq. (47) in Cartesian coordinates, as the distance
between the last point of our domain and the equatorial
plane will remain the same. Then, we can rewrite this
equation as

@(x.y) - Vieypa) — ¢ (x.y) =0, (50)

in which we used the change of coordinates defined by
x =rsinf, y = rcos @, and the new expressions for the
coefficients

Ae(x(r,0),y(r,0)) = a,(r,0)sin0 + ay(r, 0) cos 0,
ay,(x(r,0),y(r,0)) = a,(r,0) cos 0 — ay(r, 0) sin 6,
c(x(r,0),y(r,0)) =¢(r,0), (51)

where o, and o} are the x and y components of the vector of
coefficients & (x, y). Taking into account that &, (x,y) # 0
in our domain, we can redefine all the coefficients as

a(x,y) = a(x,y)/ay(x,y),
b(x,y) =1,
c(x,y) = c'(x,y)/a(x,y). (52)

Therefore, the final form of the partial differential equation
(PDE) we want to solve reads

opay  Opa
a(xy) a;)

—c(x,y) =0. (53)

To solve Eq. (53) we use the so-called method of character-
istics, in which we can reduce a PDE to a set of ordinary
differential equations (ODEs), one for each initial value
defined at the boundary of the domain. The final form of the
characteristic equations is

©— ax) (54)
Dy

dt (55)

dpq)
2= clxy). (56)
To solve this system, we start from a point (xg, y,) in the
boundary of the domain [i.e., {(xq, y)/W(xg,y9) = W, }].
Then, we can integrate the system of ODEs as follows:
First, the solution of Eq. (55) is trivially y(¢) =+ y,.
Using this result, we can rewrite Eq. (54) as

dx

2y~ ). (57)

We can integrate numerically this equation starting from the
selected point (xg, o). The solution of this equation [x(y)]
will give us a characteristic curve of the problem, i.e., a
curve along which the solution of our PDE coincides with
the solution of the ODE. To finish the procedure, we take
Eq. (56) and rewrite it in the same way as the previous one,

d
d = e)) (58)
Then, we can integrate p ),
y
po) = [ Ol + o, (59)
Yo

where we have used that pyy(xg,yo) = p(1y,. It is easy to
see that we can recover p(y)(x,y) by using both Eq. (59)
and the expression for the characteristic curve x(y).
Repeating this three-step procedure over a sufficiently
large and well-chosen sample of initial points will give
us a mapping of the domain and hence, the solution of the
PDE for the whole domain.

B. Numerical implementation

The numerical implementation of the procedure we have
just described is as follows: First, we start by defining N,
equally spaced points in the open interval (at the equatorial
plane) (7, rour), Where ry, =3.7 and ry, is the only
solution of the equation W(r, z/2) — W, = 0 and its value
is roy = 17.76. In this work we fix N, =703 which
corresponds to a distance between points Ax = 0.02.
Starting from this set of points we integrate Eq. (57) using
the fourth-order Runge-Kutta method with W(x,y) > W,
as the terminating condition of the integration and an
integration step 4 = 1073, As a result of the previous step
we obtain a set of points belonging to the boundary of the
domain and a set of characteristic curves {x(y);/i =
[1,N,]} that start at the boundary and end at the equatorial
plane. An example of the distribution of the characteristic
curves for the case W, = —0.039 is depicted in Fig. 1. Now,
we can integrate Eq. (59) along the characteristics, starting
from the boundary (xg,yg);. To do this we use the same
fourth-order Runge-Kutta solver as before (which in this

044034-7



LAHIRI, GIMENO-SOLER, FONT, and MEJIAS

PHYS. REV. D 103, 044034 (2021)

ZO \\\\\5\\\\\\\\\\\\\\\\\\\\\\\\\\ l Il \\\\
FIG. 1. Characteristic curves (r:::peuted for W, = —0.039 [ie.,

the solutions of Eq. (57)]. For visualization purposes we only show
a sample of 101 curves instead of the complete set of 703 curves
we have computed. The black circle represents the black hole.

case reduces to Simpson’s rule) and the initial condi-
tion Py, = 0.

IV. RESULTS

The primary motivation of this paper is to determine
possible changes in the morphology of geometrically thick
magnetized disks in the presence of shear viscosity as
compared to the inviscid case. We use a simple setup where
stationary viscous disks with constant angular momentum
distributions are built around a Schwarzschild black hole.
The shear viscosity is assumed to only induce perturbative
effects on the fluid so that the fluid in the disk can still move
in circular orbits. The analysis of isopressure and isodensity

surfaces of our constrained system provides evidence
showing that the shear viscous and curvature effects in
the stationary disk models are only tractable using the
causal approach.

Stationary magnetized tori are constructed for a set of
values of the parameters z,, m;, m, and the magnetization
parameter at the center of the disk, j,, .. [Note that, to build
the solutions, we have to fix the polytropic exponent y and
the value of the zeroth-order correction to the energy
density at the center e . = e((r.,7/2). In particular,
we have chosen y = 5/3 and e(g) . = 1.] For convenience,
we define a new parameter s; = 7,m; and set 7, = 1
without loss of generality. We consider two values of the
magnetization parameter at the center of the disk, namely
Bme = 10° (low magnetization, almost a purely hydrody-
namical model) and S, .= 1072 (high magnetization)
which are sufficient to bring out the effects of a toroidal
magnetic field on the viscous disk.

The corrections to the pressure p(;) and to the energy
density e for a given choice of parameters are determined
by solving Eq. (36) numerically, using the method of
characteristics as described in the previous section. Our
results reveal that the effects of the shear viscosity are
particularly noticeable only fairly close to the cusp of the
disks. The large-scale morphology of the torus remains
essentially unaltered irrespective of the values of the
parameters s; and m,. This can be immediately concluded
from Fig. 2 which displays the distribution of the pressure

1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0

0 5 10 15 0 5 10 15
rsin @ rsin @
FIG. 2. Comparison of the full disk structure for W, = —0.039. The top row shows inviscid solutions and the bottom row shows

viscous solutions for s; = 0.05 and m, = 0.01. The left panels correspond to nonmagnetized disks (8, . = 10%) and the right panels to
highly magnetized disks (f,, . = 1072). In all figures the color gradient refers to the distributions of the total fluid pressure. Furthermore,
in the four cases the pressure has been normalized to the corresponding value of pg) ma- The morphology of the disks remains
essentially the same for all cases; the only noticeable difference being a small decrease in size at the very low pressure region for the
viscous cases. Note that, for visualization purposes we have extended our original domain of integration (r;, = 2.1 instead of the original
rin = 3.7) so that it is apparent that the inner region of the disk is attached to the event horizon of the black hole.
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FIG. 3. Radial plots of log p(g) and log |p(}) | (top row) and log e g

) and log [e ;| (bottom row) at the equatorial plane for W, = —0.039,

51 =0.05, e = 103 and m, = (0,0.001,0.005,0.01). Each column corresponds to an increasing value of m,. The vertical dashed line
represents the location of the self-crossing pressure isocontour r, and the vertical dotted line represents the location of the maximum
of the pressure r,,,, which coincides with the center of the disk r. for nonmagnetized disks.

in the entire domain for a set of illustrative stationary
models. Note that the physical solution is attached to the
black hole, even though in the figure there is a gap between
the disk and the event horizon. This is due to the fact that
Eq. (53) is singular at the event horizon, so the solution
cannot be extended to it. Figures 3 and 4 display radial plots
at the equatorial plane showing the zeroth-order and first-
order corrections of the pressure and of the energy density,
corresponding to the low and high value of the magneti-
zation parameter, respectively. We note that, contrary to
purely hydrodynamical disks, for magnetized tori the
location of the center of the disk 7. does not exactly
coincide with the location of the maximum of the pressure
but it is slightly shifted toward the black hole [14]. This can
be observed for the highly magnetized case in Fig. 4. For
both low and high values of $,, . the corrections p ;) and

e(1) near the cusp remain small in comparison to their
respective equilibrium values p () and e(). As one moves
away from the cusp and approaches the outer edge of the
disk, the difference between p(g) and p ;) diminishes. This
trend is most prominent for the low magnetized disk as
shown in Fig. 3. In addition, by increasing the value of m,,
i.e., the curvature effects (while keeping m; fixed), the
difference between p() and p(;) also decreases near the
cusp, until a value is reached for which p)/p() ~ O(1)
and e(;)/e(g) ~ O(1) and neither m; nor m, can further
be increased. Under these conditions we are no longer in
the regime of validity of near-equilibrium hydrodynamics
where gradients are small. Since we are not addressing the
nonequilibrium sector, our analysis can set an upper limit
on the contributions of curvature and shear viscosity on

-3 -3 -3 -3
— lpwl — lpwl — lpwl — lpwl
-4 — P -4 — P -4 — P -4 — Pwo)
%—5 /- %—5 /- %—5 /- %—5 /-
o —6 -6 & —6 & -6
o o o o -
=T — — 71— =7 -7
-8 -8 -8 -8
6 9 12 15 6 9 12 15 6 9 12 15 6 9 12 15
r r r r
1 — lewl 1 — lewl 1 — lewl 1 — lewl
o\— — &o o\— - €0 o\L— - €0 o\— — €
$-1 $-1 $-1 G -1{,
N N N
32— 82— 32t~ P
-3 -3 -3 -3
—4 —4 —4 —4
6 9 12 15 6 9 12 15 6 9 12 15 6 9 12 15
r r r r

FIG. 4. Same as Fig. 3 but for . = 1073.
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TABLE L. Location of r, and the magnitudes of pressure p o) cusp at reysp 10 an ideal fluid magnetized disk with
two different choices of magnetization parameter j,, ..

W, = —0.039 W, = —-0.040 W, = —0.041
ﬂm.c Feusp P(0).cusp Feusp P(0).cusp Teusp P(0).cusp
10° 4.576 1.041 x 10~ 4.576 3.556 x 107> 4.576 3.700 x 107°
1073 4.644 1.229 x 107° 4.617 4252 x 1077 4.591 4.480 x 1078

stationary solutions of magnetized viscous disks before far-
from-equilibrium effects set in.

The change in pressure Ap.,g, at the newly formed cusp
Argysp of the magnetized disk in the presence of shear
viscosity, as compared to the inviscid case, is determined in
the following way,

Tcuspnew — Feusp

Arcusp = ’
Tcusp

(60)

Prcusp — P(0),cusp
Ap S - b
P P(0).cusp

(61)
where p; = p(o) + p(1) and reysp new 18 the new location of
the cusp due to shear viscosity effects. Both p; and rygp new
therefore contain all contributions from shear viscosity and

spacetime curvature for various choices of input parameters
my, m,. The new position of the cusp at the equatorial plane
corresponds to the location of the minimum of the total
pressure p (r). We compute it by fitting the values of p,
using a third-order spline interpolation. The values of
Feuspnew aNd P, (Feyspnew) are obtained at the same time
using this technique. For completeness, the locations of
Feusp @A P (o) cusp fOr an inviscid magnetized disk are
reported in Table I.

The allowed values of parameters s; and m, are reported
in Table II for all of our magnetized disk models. The range
of variation of these parameters is s; = (0.001,0.005, 0.01,
0.05) and m,=(0,0.001,0.005,0.01,0.05). Forbidden
values of s; and m, appear when |Apg,s,| 2 O(1) (marked
in boldface in Table II) implying p(;y/p o) ~ O(1). As s,
(or m;) and m, increase and the potential gap AW,

TABLE II.  Values of Ap, and Argg, corresponding to different choices of s;, m, and f,, .. The considered values of Wi are
respectively —0.039, —0.040 and —0.041. Bold-faced values of Ap,g, are employed to indicate the regions when p(;y 2 p(q), such that
p(1y cannot be treated as a perturbation for a given value of Wy and f,, ..
W, = —-0.039 W, = —0.040 W, = —0.041

S1 my ﬂm,c A’ﬂcusp Apcusp Arcusp Apcusp AFcusp Apcusp
0.001 0 10° —9.71 x 1073 —6.66 x 1073 —1.10 x 107* —1.20 x 1072 —1.05 x 107* —4.40 x 1072
0.001 0 107 -245x107° -143x10°  -295x107°  -261x10° -438x107 -9.71x107?
0.001 0.001 10° -3.27 x 107 —3.64 x 1072 -3.95x 107* —6.55 x 1072 -2.33 x 107* —0.241
0.001 0.001 1073 —8.55 x 107 —7.99 x 1073 —1.10 x 107 —1.45 x 1072 —1.68 x 107* -5.35x 1072
0.001 0.005 10° —1.35%x 1073 —-0.156 —1.97 x 1073 —0.281 —7.03 x 107* -1.03
0.001 0.005 1073 -3.27 x 107 —3.43 x 1072 —4.72 x 107* —6.20 x 1072 —6.97 x 107* —0.229
0.001 0.01 10° —2.65x 1073 —0.306 -3.62x 1073 —0.552 —1.32x 1072 -1.92
0.001 0.01 1073 —6.19 x 10~ —6.71 x 1072 -9.97 x 107* -0.122 -1.35x 1073 —0.449
0.001 0.05 10° —2.48 x 1072 -1.48 —4.72 x 1072 -2.03 —-7.06 x 1072 -2.33
0.001 0.05 1073 -2.58 x 1073 -0.331 -3.74 x 1073 —0.602 —1.66 x 1072 -2.02
0.005 0 10° -5.00 x 10~* -3.34 x 1072 -5.99 x 107 —6.00 x 1072 -5.10 x 107* —0.220
0.005 0 107 -122x10%*  -716x107  -151x10"*  -131x10% -223x10™"*  —4.86x 1072
0.005 0.001 10° -7.46 x 107 -6.32 x 1072 -9.51 x 107 -0.114 —6.29 x 107* —0.417
0.005 0.001 1073 -1.83 x 107 —1.37 x 1072 —2.36x 107 —2.49 x 1072 -3.51 x 107* —9.25 x 1072
0.005 0.005 10° —1.80 x 1073 —-0.183 -2.56 x 1073 -0.330 —4.66 x 1073 -1.20
0.005 0.005 1073 —4.23 x 107 —4.00 x 1072 —6.15 x 107 -7.25 x 1072 —8.86 x 107* —0.268
0.005 0.01 10° -3.03x 1073 -0.333 -3.98 x 1073 —0.601 —1.71 x 1072 -2.01
0.005 0.01 1073 —7.12x 107 —7.22x 1072 —1.15x 1073 -0.132 —1.51x 1073 —0.488
0.005 0.05 10° -2.52x 1072 -1.50 —4.77 x 1072 -2.06 —7.12 x 1072 —-2.34
0.005 0.05 1073 —2.66 x 1073 -0.337 —3.79 x 1073 —-0.613 —1.75 x 1072 -2.04

(Table continued)
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TABLE II. (Continued)

W, = —0.039 W, = —0.040 W, = —0.041
S1 my ﬁm.c Arcusp Apcusp Arcusp Apcusp Arcusp Apcusp
0.01 0 10° -1.03x1073 —6.69x102 —1.30x 1073 -0.120 -1.03x 1073 —0.441
0.01 0 1073 —244x10* —143x102 =3.10x10™* —=261x10"2 —453x10* —-9.73x 1072
0.01 0.001 103 —-1.29%x 1073 -9.68x102 —1.70x1073 -0.174 -1.17 x 1073 —0.638
0.01 0.001 1073 —-3.04 x 10~ —2.09 x 1072 —4.01 x 107* —3.80 x 1072 —5.86 x 107 —0.141
0.01 0.005 103 -2.33x 1073 —-0.217 -3.18 x 1073 —0.391 —8.24 x 1073 -141
0.01 0.005 103  —541x10* —472x102 —-798x10* —857x10%2 —-1.12x1073 —-0.317
0.01 0.01 103 —3.47 x 1073 -0.367 —4.43 x 1073 —0.662 —2.18 x 1072 -2.07
0.01 0.01 102 -826x10* —801x102 —-1.34x107 —0.145 -1.71x 1073 —0.538
0.01 0.05 103 —2.56 x 1072 -1.53 —4.85x 1072 -2.09 —7.22 x 1072 -233
0.01 0.05 1073 -277x1073 —0.344 -3.85x 1073 -0.626 -1.86 x 1072 -2.05
0.05 0 103 —4.92 x 1073 —0.340 —6.10 x 1073 —-0.613 —2.58 x 1072 -1.87
0.05 0 103 —-1.18x1073 —=7.19x102 —-1.73x1073 -0.132 -2.15%x 1073 —0.491
0.05 0.001 103 -5.13x 1073 —-0.370 —6.44 x 1073 —0.668 —2.89 x 1072 -1.91
0.05 0.001 1073 -123x1073 —-785x102 —1.83x1073 -0.144 —224 x 1073 —-0.535
0.05 0.005 103 —6.12 x 1073 —0.491 -9.70 x 1073 —0.887 —4.04 x 1072 -1.95
0.05 0.005 103 —144x1073 —-0.105 -2.22x 1073 -0.192 -2.56 x 1073 —0.711
0.05 0.01 10° -9.44 x 1073 —0.645 —1.54x 102 -1.15 —4.62 x 1072 -2.16
0.05 0.01 103 —-1.69x1073 —-0.138 —2.64 x 1073 -0.252 —2.90 x 1073 —-0.931
0.05 0.05 103 —4.12 x 1072 —-1.68 —6.28 x 1072 -2.01 —8.08 x 1072 -2.20
0.05 0.05 103 =3.79x 1073 —-0.403 —4.28 x 1073 —0.733 —2.61 x 1072 -2.13
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FIG. 5. Two-dimensional plots for log;,|A pcusp|. The first row corresponds to the models with f,,. = 10° and the second row
corresponds to the models with 8, . = 107 The columns correspond, from left to right, to the three different values of W, we have
considered, namely —0.039, —0.040 and —0.041. The black contour appearing in some of the plots corresponds to logg |A peysp| = 0.
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decreases from AW >0 to AW, ~0, the condition
P/ Py ~ O(1) is more frequently satisfied.

A more concrete estimation of the allowed values of the
parameters s; and m, with 3, . can be obtained from the
2D plot of |Apep| shown in Fig. 5. The black contour

depicted in some of the plots in this figure indicates a cutoff

value of s; and m, corresponding to log;o |Apeysy| = 0.
For low magnetized viscous disks (8, . = 103, top panels),
we find that the allowed values of s; and m, are large for
AW, > 0 and that the permitted parameter space of (s, 7,)
appreciably decreases as the potential gap AW, — 0.

This indicates that stationary magnetized disks with
AW,~0 do not allow for large shear viscosity and
curvature effects in comparison to AW, > 0. On the other
hand, for highly magnetized disks (8,,. = 1073, bottom
panels), stationary viscous models can be constructed
over the entire choice of the parameter space and in the
considered regions of the potential gap i.e., AW, > 0 and
AW, = 0. Therefore, in order not to be in conflict with the
adopted perturbative approach, our stationary models are
restricted up to maximum values of m; = s; = 0.05 and
m, = 0.05. Table II also shows that the changes in the
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FIG. 6. Isocontours of pyy = p) + pq) in the cusp region for W, = —0.039 and . = 103. From top to bottom the rows
correspond to m, = (0,0.005,0.01). From left to right the columns correspond to s; = (0.005,0.01,0.05). Red isocontours
correspond to cusp-generating constant pressure surfaces without viscosity and blue isocontours depict newly formed self-
intersecting constant pressure surfaces when viscosity and curvature effects are present. The two black isocontours correspond to the

values Pt = 2p0$cusp/3 and Pt = pO,cusp/3-
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location of the cusp positions are small for small values of
s; and m,. This behavior remains the same for both low and
high values of magnetization as well as for AW, >0
and AW, =~ 0.

Isocontours of the total pressure p, of our stationary
viscous tori are shown in Figs. 6 and 7 for low and high
values of the central magnetization parameter, respectively.
These figures concentrate on the regions close to the cusp
of the disks since it is in those regions where the effects of
the shear viscosity are most manifest. The self-intersecting
contours of p, possessing a cusp are depicted by the blue
dashed curves in the figures for the values of s; and m,
indicated in the captions. The red isocontours correspond to
surfaces of constant pressure of magnetized ideal fluid

disks which would self-intersect, had there been no dis-
sipative effects in the disk. For a given value of 5| and W we
observe that when m, increases (from the top row to
the bottom panels) the location of the newly formed cusp
moves toward the black hole. At the same time the thickness
of the cusp region in the disk also diminishes. This can be
observed by looking at the change of location of the black
isocontours located above and below the cusp region in
Figs. 6 and 7. These two iscontours correspond to the values
of the total pressure p; = 2pgcusp/3 and py = pocusp/3-
In particular, in Fig. 6 it can be seen that, in the bottom row
and in the right column, the isocontour corresponding to
Pt = 2Po.cusp/ 3 changes its position (from above and below
the cusp, to the left and right of the cusp). This means that,
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FIG.7. Same as Fig. 6 but for 8, . = 107>. The three black isocontours in the left part of all plots represent values of the total pressure
equal to p;, = ( P(0)maxt — p<0)‘cusp) /4 for i =1, 2, 3, where p(g) max is the value of p at the maximum of the pressure.
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for these cases, p,cup < 2P0 cusp/3- In addition, the iso-
contour corresponding to p; = p cuep/3 also moves signifi-
cantly closer to the self-crossing surface. Therefore, within
our framework based on causal relativistic hydrodynamics,
the role of shear viscosity triggered by the curvature of the
Schwarzschild black hole spacetime is apparent through a
noticeable rearrangement of the constant pressure surfaces of
magnetized viscous disks when compared to the purely
inviscid case [23]. In addition, the comparison of Figs. 6
and 7 shows that as the strength of the magnetic field
increases the shift of the location of the cusp toward the
black hole also increases. This might have implications
for the dynamical stability of constant angular momentum
thick disks, mitigating the development of the so-called
runaway instability that affects inviscid constant angular
momentum tori [6,26].

V. SUMMARY

We have discussed stationary solutions of magnetized,
viscous thick accretion disks around a Schwarzschild black
hole, neglecting the self-gravity of the tori and assuming that
they are endowed with a toroidal magnetic field and obey a
constant angular momentum law. Our study has focused on
the role of the spacetime curvature in the shear viscosity
tensor and in the effects viscosity may have on the stationary
solutions. This work is a generalization of a previous study
of purely hydrodynamical disks presented in [23].

Following [23] we have considered a simple framework to
encapsulate the quantitative effects of the shear viscosity
(neglecting any contributions of the heat flow) and the
curvature of the background geometry. In this setup, both
the shear viscosity and the curvature have perturbative
influences on the fluid, thereby allowing the fluid particles
in the disk to undergo circular orbits. In particular, the
magnetic field distribution, the fluid pressure and the energy
density (related to the pressure by a barotropic equation of
state) are perturbatively modified due to dissipative effects.
Our framework is based on causal relativistic hydrodynamics
and uses the gradient expansion scheme up to second order
such that the governing equations of motion of the fluid in
the Eckart frame are hyperbolic. Within this approach the
curvature of the background geometry, in which the accre-
tion disk is situated, naturally appears in the equations of
motion. In analogy with what was found in [23] for
unmagnetized tori, the present work has also shown that
the viscosity and the curvature of the Schwarzschild black
hole play some role on the morphology of magnetized tori.

The stationary models have been constructed by numeri-
cally solving the general relativistic momentum conservation
equation using the method of characteristics. By varying the
parameters m; and m, with two different choices of
magnetization, we have studied the radial profiles of p )
and p(y) to identify regions of the disk where shear viscosity
and curvature are mostly casting their effects. Our results

have revealed that the effects are most prominent near the
cusp of the disk, which helped us focus our analysis on two
regions of the potential gap, namely AW, > 0 and
AW, = 0. Moreover, our study has allowed us to constrain
the range of validity of the second-order transport coef-
ficients m; and m, (after setting 7, = 1). The allowed
parameter space can be derived from Fig. 5 and from
Table II, where the boldface values of Ap.,, for a given
value of W, mark the breakdown of the perturbative
approach. Furthermore, the computations of Ar,, pinpoint
the exact modification in the position of the cusp due to the
shear viscosity and curvature effects.

The obtained isopressure contours of p, corresponding
to AW, > 0 further divulge the cumulative effects of the
viscosity and curvature on the magnetized disk. The self-
intersection of these isopressure contours indicates new
locations of the cusp as well as the formation of a new
Peusp- We have found that for each magnetization and AW,
considered, the location of cusps moves toward the black
hole as parameter m, increases. Moreover, for higher
magnetized disks the shift is even larger. Therefore, the
combined effects of shear viscosity and spacetime curvature
might help mitigate, or even suppress, the development of
the runaway instability in constant angular momentum tori
[6,26], a conclusion that is on par with the assumptions of
our setup.

The present work is a small step toward constructing
stationary models of viscous magnetized tori based on a
causal approach for relativistic hydrodynamics. Despite our
simplistic approach we have shown here that the morphol-
ogy of geometrically thick accretion disks is nontrivially
affected by viscosity and curvature. These effects, though
small, should not be neglected. In particular, they could
potentially alter the radiation profiles of magnetized accre-
tion tori. As an example [27] discussed magnetized Polish
doughnuts using Kommissarov’s approach [9] including
radiation. However, they did not treat dissipation or shear
stresses from first principles as in the current work but used,
instead, an ad hoc parametrization to allow the gas to be
nonideal. It would be interesting to employ the second-order
gradient approximation scheme discussed here to determine
the temperature dependence in magnetized viscous tori from
first principles and then examine the associated radiation
spectra as the spectral properties are directly influenced by
hydrodynamic and thermodynamic structures of the disks.
Likewise, the intensity and emission lines of viscous
magnetized tori are expected to show imprints of shear
viscosity and curvature [27,28]. Similarly, another system
worth analyzing would be a thick disk with advection
dominated flows, as discussed by [29], since the viscous
heating rate might be modified when using the present form
of the shear viscosity tensor. Investigating these various
possibilities will be the target of future studies.

Finally, to actually observe the consequences of dissipa-
tive flux quantities in detail, a more realistic construction
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is required. That would involve taking into account the con-
tributions of the heat flux and of the radial velocity of the
fluid. Ultimately, considering dissipative flux quantities to
behave as perturbations is an assumption that should also
be relaxed.

ACKNOWLEDGMENTS

The authors gratefully thank the anonymous referee
for illuminating suggestions. The work of S. L. is supported

by the European Research Council Synergy Grant
BlackHoleCam: Imaging the Event Horizon of Black
Holes (Grant No. 610058). This work is further sup-
ported by the Spanish Agencia Estatal de Investigacién
(Grants No. PGC2018-095984-B-100 and No. PID2019-
108995 GB-C22), by the Generalitat Valenciana (Grants
No. PROMETEO/2019/071 and No. CIDEGENT/2018/
021), and by the European Union’s Horizon 2020 Research
and Innovation program H2020-MSCA-RISE-2017 Grant
No. FunFiCO-777740.

[1] J. Frank, A. King, and D.J. Raine, Accretion Power
in Astrophysics, 3rd ed. (Cambridge University Press,
Cambridge, England, 2002), p. 398, ISBN 0521620538.

[2] M. A. Abramowicz and P. C. Fragile, Living Rev. Relativity
16, 1 (2013).

[3] L. G. Fishbone and V. Moncrief, Astrophys. J. 207, 962
(1976).

[4] M. Abramowicz, M. Jaroszynski, and M. Sikora, Astron.
Astrophys. 63, 221 (1978).

[5] M. Kozlowski, M. Jaroszynski, and M. A. Abramowicz,
Astron. Astrophys. 63, 209 (1978).

[6] J. A. Font and F. Daigne, Mon. Not. R. Astron. Soc. 334,
383 (2002).

[7] F. Daigne and J. A. Font, Mon. Not. R. Astron. Soc. 349,
841 (2004).

[8] M. Ansorg and D. Petroff, Phys. Rev. D 72, 024019 (2005).

[9] S.S. Komissarov, Mon. Not. R. Astron. Soc. 368, 993
(20006).

[10] P.J. Montero, O. Zanotti, J. A. Font, and L. Rezzolla, Mon.
Not. R. Astron. Soc. 378, 1101 (2007).

[11] M. Shibata, Phys. Rev. D 76, 064035 (2007).

[12] L. Qian, M. A. Abramowicz, P.C. Fragile, J. Hordk, M.
Machida, and O. Straub, Astron. Astrophys. 498, 471
(2009).

[13] N. Stergioulas, Int. J. Mod. Phys. D 20, 1251 (2011).

[14] S. Gimeno-Soler and J. A. Font, Astron. Astrophys. 607,
A68 (2017).

[15] O.M. Pimentel, F. D. Lora-Clavijo, and G. A. Gonzalez,
Astron. Astrophys. 619, A57 (2018).

[16] P. Mach, S. Gimeno-Soler, J. A. Font, A. Odrzywotek, and
M. Pir6g, Phys. Rev. D 99, 104063 (2019).

[17] S. A. Balbus and J.F. Hawley, Astrophys. J. 376, 214
(1991).

[18] P. Romatschke, Int. J. Mod. Phys. E 19, 1 (2010).

[19] W. A. Hiscock and L. Lindblom, Phys. Rev. D 31, 725
(1985).

[20] I. Muller, Z. Phys. 198, 329 (1967).

[21] W. Israel, Ann. Phys. (N.Y.) 100, 310 (1976).

[22] L. Rezzolla and O. Zanotti, Relativistic Hydrodynamics
(Oxford University Press, 2013), https://doi.org/10.1093/
acprof:0s0/9780198528906.001.0001.

[23] S. Lahiri and C. Lmmerzahl, arXiv:1909.10381.

[24] S. Lahiri, Classical Quantum Gravity 37, 075010 (2020).

[25] A.M. Anile, Relativistic Fluids and Magneto-Fluids:
With Applications in Astrophysics and Plasma Physics
(Cambridge University Press, Cambridge, England, 2005).

[26] M. A. Abramowicz, M. Calvani, and L. Nobili, Nature
(London) 302, 597 (1983).

[27] E H. Vincent, W. Yan, O. Straub, A. A. Zdziarski, and M. A.
Abramowicz, Astron. Astrophys. 574, A48 (2015).

[28] O. Straub, F. H. Vincent, M. A. Abramowicz, E. Gourgoulhon,
and T. Paumard, Astron. Astrophys. 543, A83 (2012).

[29] J. Ghanbari, S. Abbassi, and M. Ghasemnezhad, Mon. Not.
R. Astron. Soc. 400, 422 (2009).

044034-15


https://doi.org/10.12942/lrr-2013-1
https://doi.org/10.12942/lrr-2013-1
https://doi.org/10.1086/154565
https://doi.org/10.1086/154565
https://doi.org/10.1046/j.1365-8711.2002.05515.x
https://doi.org/10.1046/j.1365-8711.2002.05515.x
https://doi.org/10.1111/j.1365-2966.2004.07547.x
https://doi.org/10.1111/j.1365-2966.2004.07547.x
https://doi.org/10.1103/PhysRevD.72.024019
https://doi.org/10.1111/j.1365-2966.2006.10183.x
https://doi.org/10.1111/j.1365-2966.2006.10183.x
https://doi.org/10.1111/j.1365-2966.2007.11844.x
https://doi.org/10.1111/j.1365-2966.2007.11844.x
https://doi.org/10.1103/PhysRevD.76.064035
https://doi.org/10.1051/0004-6361/200811518
https://doi.org/10.1051/0004-6361/200811518
https://doi.org/10.1142/S021827181101944X
https://doi.org/10.1051/0004-6361/201730935
https://doi.org/10.1051/0004-6361/201730935
https://doi.org/10.1051/0004-6361/201833736
https://doi.org/10.1103/PhysRevD.99.104063
https://doi.org/10.1086/170270
https://doi.org/10.1086/170270
https://doi.org/10.1142/S0218301310014613
https://doi.org/10.1103/PhysRevD.31.725
https://doi.org/10.1103/PhysRevD.31.725
https://doi.org/10.1007/BF01326412
https://doi.org/10.1016/0003-4916(76)90064-6
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://doi.org/10.1093/acprof:oso/9780198528906.001.0001
https://arXiv.org/abs/1909.10381
https://doi.org/10.1088/1361-6382/ab712f
https://doi.org/10.1038/302597a0
https://doi.org/10.1038/302597a0
https://doi.org/10.1051/0004-6361/201424306
https://doi.org/10.1051/0004-6361/201219209
https://doi.org/10.1111/j.1365-2966.2009.15467.x
https://doi.org/10.1111/j.1365-2966.2009.15467.x

